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ABSTRACT
This paper examines the precipitation of ferric hydrous 
oxide particles with rod-like morphologies. These rods were 
proiuced through the forced hydrolysis of acidified ferric salt 
solutions at elevated temperatures. The first study observed 
the effect of initial solution pH on particle shape and size 
distribution. Next, the particle growth kinetics were monitored 
over a one-week period with variations in the reaction 
conditions. Finally, titration studies were performed in which 
alkali was added to the solution in order to enhance particle 
formation and growth.
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EXECUTIVE SUMMARY
INTRODUCTION
The motivation of this research was to develop an 
attainable source of rod-shaped particles. These particles 
would then be used to study the rheological properties of rod- 
sphere mixtures. The first goal was to establish the optimal 
reaction parameters resulting in rods of a uniform shape and of 
a narrow size distribution. Once these variables were 
determined, the second goal was to develop a method of producing 
the particles in large quantities (as required for rheological 
study). In addition, a second motivation was to achieve an 
understanding of the growth and precipitation of crystalline 
particles.
PROCEDURE
Rod-shaped particles were prepared through the hydrolysis 
of acidified aqueous ferric chloride solutions at elevated 
temperatures. The particles were initially produced on a small 
scale during a one-week period in a constant temperature oven. 
The initial solution pH was varied by the HC1 concentration and 
by the addition of weak acid salts. Next, the particle growth 
kinetics were monitored on a medium scale. The effects of 
ferric chloride concentration, heating rate, and temperature on 
particle formation and growth were observed. The final segment 
of the study involved titration experiments in which alkali was 
added to the solution. Three base addition methods - continuous
1
dripping, aliquot increments, and constant pH - were utilized. 
Particle morphology and solution ferric ion concentration & pH 
were monitored as a function of time for all experiments. 
CONCLUSIONS AND RECOMMENDATIONS
Small scale production of the rods revealed that the 
solution pH approached a constant value which was independent of 
the initial solution pH. Also, the rods became shorter in size 
as the initial solution pH was increased. The amount of 
precipitate formed was observed to increase as more ferric ions 
were consumed.
The particle growth kinetic trials showed that high 
reaction temperatures increase the consumption of ferric ions 
and produce rods with large axial ratios. The rod length and 
width also enlarged when the initial ferric ion concentration 
was increased. In general, particle formation and growth were 
observed to occur as solution pH decreased.
Results of the titration experiments reveal that the 
addition of alkali to the reaction mixture often generates the 
formation of a gel. However, when rods did form they had larger 
sizes when compared to rocs produced in the absence of base. 
Alkali addition was also observed to affect particle morphology.
As a result of this study, the following recommendations 
are being made:
1. Find another parameter to replace ferric 
ion concentration for determining the 
extent of reaction.
2. Develop a reliable method of measuring the 
amount of precipitate produced.
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PRECIPITATION OF FERRIC HYDROUS OXIDE PARTICLES
INTRODUCTION
The motivation of this research was to develop an 
attainable source of rod-shaped particles. These particles 
would then be used to study the rheological properties of rod- 
sphere mixtures. The first goal was to establish the optimal 
reaction parameters resulting in rods of a uniform shape and of 
a narrow size distribution. Once these variables were 
determined, the second goal was to develop a method of producing 
the particles in large quantities (as required for rheological 
study). In addition, a second motivation was to achieve an 
understanding of the growth and precipitation of crystalline 
particles.
This investigation was based on the forced hydrolysis of 
acidified ferric salt solutions at elevated temperatures. The 
reaction results in the precipitation of ferric hydrous oxide 
particles. Solutions of ferric chloride and hydrochloric acid 
produce colloidal dispersions of rod-like morphology through 
this process. Thus, this research has focussed specifically on 
using acidified aqueous ferric chloride solutions to synthesize 
the desired colloidal sols.
BACKGROUND
Rod Formation. Several studies [1,2] have investigated the 
preparation of metal hydrous oxide particles. These colloidal 
dispersions are generated through the hydrolysis of aqueous
3
4metal salts at elevated temperatures. The precipitated particle 
size and shape are dependent on many factors. Spherical, 
cubical, and elliptical structures are just a few of the many 
morphologies which occur due to variation of reaction 
conditions. Thus, it is imperative to include documentation on 
all aspects of the precipitation procedure and post­
precipitation treatment.
Matijevic and Scheiner [2] have extensively researched the 
precipitation of ferric hydrous oxides. They found that 
precipitate characteristics were strongly dependent on pH, 
temperature, reaction time, anions present, and ferric ion 
concentration. Ferric ions will precipitate with many different 
anions such as hydroxyls, nitrates, and perchlorates. Matijevic 
and Scheiner [2] observed the formation of rod-shaped particles 
from aqueous mixtures of ferric chloride and hydrochloric acid. 
They determined a limited range of reaction conditions for rod 
production:
[FeCl3]i - 0.009 - 0.45 M pHi - 0.5 - 2.5
[HC1]  ^* 0.001 - 0.30 M Temperature : <- 100°C
Also, they concluded that as the initial solution pH is 
increased, the rods become shorter in length and more uniform in 
size.
Crystalline Structure. There are six basic crystalline 
structures of ferric hydrous oxides:
1. *- FeOOH (goethite)
2. /?- FeOOH (akagenite or 0- ferric oxyhydroxide)
3. /- FeOOH (lepidocricite)
4. <*-. Fe203 (hematite)
55. Fe3°4 (lna9ne^ite)
6. Fe2°3 (roa9^emite)
The above list expresses the most probable progression of 
crystalline structure since maghemite is usually produced as 
follows [1,2]:
1. Dehydration of goethite -- > hematite
2. Reduction of hematite -- > magnetite
3. oxidation of magnetite -- > maghemite
Other studies [1,4] have also shown that hematite is formed from 
the recrystallization of akagenite. Most sources [2,5] agree 
that particles synthesized from ferric chloride solutions have a 
/?- FeOOH crystalline structure. Murphy et al. [5,6] provide an 
explanation for this occurrence:
a) Goethite is not formed because the chloride ion 
is able to penetrate the polycations which are 
formed and change their internal structure.
b) Lepidocricite is not formed because the chloride 
ion has a large affinity for the ferric ions.
Ionic Strength. The ionic strength of the chloride ion in 
the reaction mixture affects the extent and rate of 
precipitation. Ross and Turner [5] concluded that ferric oxide 
sol reaction rates are inversely proportional to the tendency of 
the anion to remain in the precipitate. Since chloride ions are 
known to penetrate the polycations, a large chloride 
concentration should suppress the rate of reaction. However, 
Murphy et al. [5,7] observed that the addition of sodium 
chloride to the reaction mixture resulted in increased 
precipitation rate. They explained this contradiction as 
follows:
6a) A low surface charge enhances reaction rate.
b) Excessive anion penetration retards reaction rate.
c) Since chloride ions are tightly bound to the 
polycation, they lower its overall charge.
d) At low chloride ionic strengths, the penetration 
effect is the controlling factor.
e) At high chloride ionic strengths, the lowered 
surface charge increases polycation collision 
frequency and thus the precipitation rate.
Other studies [4] have shown that ferric ion hydrolysis is also
enhanced by the addition of low molecular weight alcohols. In
addition, Natijevic and Scheiner [2] observed that increased
chloride concentration encouraged the formation of rod-shaped
particles, regardless of the previous morphology at lower ionic
strength.
Color. As the reaction proceeds, an observable color 
change occurs in the supernatant liquid and the particles. Van 
der Woude and de Bruyn [8] recorded a supernatant color change 
of yellow — > orange — > deep red-brown as the reaction 
proceeded. Murphy et al. [5] concluded that the initial yellow 
coloration indicates the presence of hydrolysis products such as 
Fe(OH)+2 and Fe(OH)2+ « Ozaki et al. [9] suggest that the 
addition of sodium hydroxide to ferric salt solutions produces a 
brown precipitate of iron hydroxide. Through x-ray diffraction 
analysis, Matijevic and Cimas [10] proved that yellow particles 
are akagenite and that red particles are hematite. Matijevic 
and Scheiner [2] claimed that precipitate color is a function of 
particle shape:
yellow (rods) -- > red/orange ---> black (cubes)
Temperature. Temperature has a major influence on the rate
of formation and the crystalline structure of the particles. 
Maeda and Hachisu [11] observed FeOOH Schiller layer 
formation at room temperature after four to twelve months 
reaction time. Matijevic and Janauer [12] were able to show 
that precipitation rate increases with temperature due to 
enhanced hydrolysis; deprotonation of the ferric ion - water 
complex occurs more readily. Furthermore, Van der Woude et al. 
[13] recorded reaction times of months at 25 °C and of hours at 
85°C. They also observed the transformation of amorphous 
particles into goethite at temperatures below 55°C while above 
this value hematite was formed.
Particle Growth. Several models have suggested the process 
by which ferric hydrous oxide particles precipitate. First, Van 
der Woude and de Bruyn [8,13,14] argued that amorphous ferric 
hydroxide is transformed into geothite particles. They suggest 
the following transformation which occurred in ferric nitrate 
solutions:
Fe(OH)3(s) + H+ (aq) — > Fe(OH)2+ (8) + H20 — >
FeOOH(B) + H+
Watson et al. [14] observed the formation of akagenite by the 
same process.
Second, Matijevic and Janauer [12] stressed the importance 
of hydrolysis products for particle formation:
Fe+3 + H20  > Fe(OH)+2 + H+
Fe+3 + 2H20  > Fe(OH)2+ + 2H+
2Fe+3 + 2H20  > Fe2(OH)2+4 + -2H+
7
83Fe+3 + 4H20 -- > Fe3(OH)4+5 + 4H+
They suggested that the hydrolysis constants of the above 
equations might be controlling factors of the precipitation.
Van der Woude et al. [13] explain the growth of hematite at very 
low pH as follows:
2Fe+3 + 3H20 — > Fe203(s) + 6H+ (ag)
2Fe(OH)+2 + H20 — > Fe203(s) + 4H+ (ag)
This reinforces that mono-, di-, and trimeric polycation 
presence in solution may affect sol growth.
A third possible mechanism of particle growth is 
polymerization. Murphy et al. [6,7] suggested a polymeric 
reaction in which rods formed from linked spherical ferric 
hydroxy polycations. Based on pH relaxation experiments, Dousma 
and de Bruyn [15] concluded that the precipitation involves a 
four-step process:
1. Hydrolysis to mono- and dimers.
2. Rapid growth of small polymers (reversible).
3. Formation of semi-stable large polymers.
4. Precipitation of crystalline solid.
They proposed the hydrolysis-polymerization scheme is outline'*, 
in figure 1. Steps 2 and 3 are oiation reactions (the addition 
of OH") while step 4 is an oxolation reaction.
Titration. Van der Woude et al. [13,15] have studied the 
titration of ferric nitrate solutions through the use of a 
continuous, homogeneous injection method. This research group 
[13] tried to analyze the kinetics of nucleation and particle 
growth through pH relaxation experiments. They observed
9Figure 1 Hydrolysis - Precipitation Process
Fe(OH)*2
SMALL
POLYMER
LARGE
POLYMER
1
\l/
.OH
Fe _  __Fe
OH
/ I \2 | OH”
I
\l/
Fe
+6
3 OH
\l/
+n
n/2
4
+
n/2
nH+
10
extended plateau regions of constant pH which suggested particle 
growth during this period, van der Woude and de Bruyn [8] 
suggested that a solution [OH]/[Fe] ratio of three may increase 
che hydrolysis rate. Matijevic and Scheiner [2] stated that the 
addition of base forms amorphous hydroxides initially which upon 
further aging generate crystalline particles. Finally,
Vermeulen et al. [16] stress that the method of alkali addition 
is critical to the process. Depending on whether the base is 
added drop-wise or by direct injection to the solution, 
concentration inhomogeneities may develop which affect the 
particle formation.
EXPERIMENTAL
All chemicals used in the research were of reagent grade 
quality. Glassware was washed with soap & tap water, soaked in 
Nochromix in concentrated sulfuric acid, and then rinsed twice 
with deionised water. The pH of solutions was recorded using a 
Fisher Accumet digital pH meter (Model 825MP) with automatic 
temperature compensation. A Fischer standard combination 
electrode (pH: 0 - 1 4 ,  temperature: -5 - 80°C) was used.
Solution conductivities were measured with an Altex conductivity 
bridge (Model RC-20). A dip type cell (YSI No. 3403) with a 
cell constant of 1.0 cm-1 was used. Furthermore, solution 
absorption was determined with a Bausch 6 Lomb Spectronic 1001 
spectrophotometer. Iron concentrations were found by 
centrifuging samples and then analyzing the supernatant liquid. 
The method used was EDTA titration with xylene orange indicator
(atomic absorption was also performed on some samples for 
comparison). Particle crystallinity was analyzed by a Rigaku 
Geigerflex x-ray diffractometer using CuKtt radiation. Finally, 
particle morphology was determined by placing suspensions of the 
solutions on 400 mesh copper grids coated with carbon and 
formavar. The grids were then examined on a Philips EM400T 
transmission electron microscope.
APPARATUS
Small scale preparation of the particles was carried out in 
120 ml (126 cm ) cylindrical glass jars with screw-top lids.
The reactants were placed in the jars, sealed, and then heated 
in a constant temperature oven for the desired length of time.
Medium scale reactions were studied through the use of 
either a three-port or five-port 500 ml round bottom flask. A 
condenser was always placed in one of the ports to reduce 
evaporation. The reactants were placed in the flask and 
continuously stirred throughout the reaction. The stir bar was 
connected to 1/40 HP electric motor with the rate adjusted by a 
G.K. Heller GT-21 variable speed controller. Heat was supplied 
to the system through a 220W, 115V heating mantle. For short 
reaction times (< 6 hours) heat input was manually adjusted by a 
variac. A thermometer-capacitance temperature controller was 
used to maintain a constant temperature for extended runs (> 24 
hours). This controller kept the temperature within +/- 1°C of 
the set-point. During the titration experiments, aqueous sodium 
hydroxide was either continuously dripped into the solution
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using a buret or injected periodically using a pipet.
Aqueous ferric chloride solutions were always prepared on 
the day of the experiment to prevent premature hydrolysis.
Also, samples taken for monitoring purposes were immediately 
chilled to stop further reaction.
PROCEDURE
BH .Control..QfLEftrtigle Size. Rod-shaped particles were
prepared through the hydrolysis of aqueous ferric chloride 
solutions. Reaction conditions were chosen so as to satisfy the 
rod formation boundaries defined by Matijevic and Scheiner [2]. 
First, the effect of initial solution pH on rod shape and size 
was studied on a small scale basis. 50.0 ml of 0.45 M FeCl3 and 
50.0 ml of HC1 (of specified concentrations) were placed in the 
jars, sealed, and heated at 65.0°C for seven days. The 
experimental conditions are given in table 1.
Table 1 pH Variation by HC1 Concentration
Sample FeCl3 Cone. (M) HCl Cone. (M) Initial pH
1-1
1-2
1-3
1-4
1-5
1-6
1-7
1-8
0.225
0.225
0.225
0.225
0.225
0.225
0.225
0.225
0.050
0.025
5.0 E-3
2.5 E-3
5.0 E-5
2.5 E-5
5.0 E-6
0.15 0.995
1.304
1.409
1.497 
1.524
1.498 
1.536 
1.561
Observations and particle samples were taken every twenty-four 
hours (the solutions were also agitated). The supernatant pH
13
was measured within the temperature range 24.9 - 28.4°C (the 
constant temperature bath was not working properly).
In order to achieve an initial pH greater than 1.561, solid 
sodium bicarbonate w*s added to the solution. Table 2 lists the 
sample conditions.
Tabic 2 pH Variation by Solid Sodium Bicarbonate
Sample FeCl^ Cone. (M) HC1 Cone. (M) Initial pH
1-9 0.225 5.0 E-4 1.728
1-10 0.225 5.0 E-4 1.905
1-11 0.225 5.0 E-4 1.942
All three samples had a pH of 1.533 before the addition of 
NaHC03. The actual amounts of NaHC03 used were not recorded, 
All other conditions were the same as for the HC1 variation 
procedure.
The influence on particle shape and size by anions present 
in the solution was observed through the addition of weak acid 
salts. 50.0 ml of 0.45 M FeCl3, 50.0 ml of 0.001 M HC1, and a 
salt were reacted following the previously mentioned procedure. 
The samples were kept at a constant temperature of 71.0°C for 
fourteen days. The experimental conditions are given table 3.
Table 3 Anion Presence Effect by Addition of Weak Acid Salts
Sample 1-12 1-13 1-14 1-15
FeCl3 Cone • (M) 0.225 0.225 0.225 0.225
HC1 Cone. (M) 5.0 E-4 5.0 E-4 5.0 E-4 5.0 E-4
Weak acid 
How added
added
s^ i23°2
NaC2H302
aqueous
NaHCO-
solid
NaHC03
aqueous
Amount 4.0 g 10ml(1.0M) 4.2 g 10ml (1.0M)
Initial pH 2.044 1.487 1.977 1.742
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All four samples had an initial solution pH, which was measured 
at 25.1°C, of 1.154 before the salt addition.
Particle Growth Kinetics. Since particles with a rod 
morphology could be obtained on a small scale, the next 
objective was to synthesize a large amount of these sols. This 
was accomplished by increasing the solution volume four times 
and by applying continuous stirring. Eleven different runs were 
used to investigate the kinetics of particle growth on a medium 
scale. Table 4 displays the experimental conditions.
An initial run, trial 2-1, was used to provide information 
on the scaled-up process. It was observed that particle 
formation occurred near 76.0°C. As a result, trials 2-2 and 2-3 
looked at rod growth over the temperature range 65.0 - 79.0°C. 
Next, trials 2-4 and 2-5 were used to study the effect of 
heating rate on particle growth. Finally, trials 2-6 through 2- 
11 monitored the precipitation process over a seven day period. 
The effects of initial heating rate, ferric chloride 
concentration, and reaction temperature on particle growth were 
studied. Solution pH & conductivity and particle morphology 
were measured as a function of time for all runs.
Titration Studies. Hydrolysis reactions occur through the 
consumption of hydroxyl ions? thus, as the reaction proceeds it 
depletes the [OH*”] concentration in solution. If the hydroxyl 
ions were replenished, it is possible that further hydrolysis, 
and thus more iron precipitate, would occur. Based on this 
reasoning, several titration studies were performed on a medium
15
Table 4 Reaction Conditions of Kinetic Studies
Trial [FeCl3]i 
(M)J 1
[HC1]j 
(H)
Vol. * 
(ml)
Temp.* 
(°C)
Ht. Rate4* 
(°C/min)
Duration
2-1 0.225 0.025 400 75.0 2.2 3.0 hr
2-2 0.225 0.005 500 — 0.24 3.5 hr
2-3 0.225 0.005 500 — 0.23 3.7 hr
2-4 0.225 0.005 400 — 1.3 45 min
2-5 0.225 0.005 450 — 0.82 1.5 hr
2-6 0.225 0.005 500 70.0 2.4 168 hr
2-7 0.225 0.005 500 70.0 <2.4 168 hr
2-8 0.335 0.005 500 70.0 2.4 168 hr
2-9 0.450 0.005 500 70.0 2.5 168 hr
2-10 0.225 0.005 500 80.0 2.8 168 hr
2-11 0.225 0.005 500 90.0 2.8 168 hr
* Total volume « equal volumes of FeCl^ and HC1
# Temperature maintained during reaction
+ Rate of heat used to obtain desired temperature
scale. Solution pH (measured at reaction temperature) and 
particle morphology were monitored as a function of time.
The first alkali addition method, continuous dripping, was 
used In trials 3-1 and 3-2. 200.0 ml of 0.45 M FeCl3 and 200.0
ml of 0.10 H HC1 were heated to the desired temperature. 100.0 
ml of 2.70 M NaOH (the amount required to produce a final 
solution [OH]/[Fe] ratio of three) was then dripped into the 
solution over a four hour period.
Base was added to the solution in aliquot portions in 
trials 3-3 through 3-7. 200.0 ml of 0.45 M FeCl3 and 200.0 ml
0.05 M HC1 were heated to the desired temperature. Then, 45 - 
60 ml of aqueous NaOH (of specified concentration) was added to 
the solution in five or ten milliliter increments over a three 
hour period. The base was poured in every half hour beginning 
at time equals zero (when desired temperature was attained)•
The reversibility of the alkali addition was tested in trial 3- 
8; 5.0 ml of 0.05 M HC1 was added fifteen minutes after each 
base injection.
A third alkali addition method involved adding as much base 
as needed to maintain the pH above some desired value. 250.0 ml 
of 0.45 M FeCl3 and 250.0 ml of 0.01 M HC1 were placed in a 2.0 
liter three-port round bottom flask in trial 3-9. 0.10 M NaOH
was then added as required to maintain a solution pH >- 1.20.
The reaction conditions for all nine trials are given in table
16
5.
Table 5 Reaction Conditions of Titration Studies
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Continuous Dripping Method
Trial Temp. Drip Rate Base Added(°C) (ml/min) (ml)
3-1 50.0 0.62 87.0
3-2 75.0 0.67 3 5.0
AliQUOt Addition Method
Trial Temp.
(°C)
Base Cone. Aliquot Additions(M) (ml)
3-3 27.5 0.0025 5, 5, 10, 10, 10, 10
3-4 55.0 0.0025 5, r• t 5, 5, 10, 10
3-5 75.0 0.0025 5, 5, 5, 10, 10, 10
3-6 75.0 0.10 5, 5, 5, 10, 10, 10
3-7 75.0 5.0 5, 5, 5, 5, 5, 5
3-8 75.0 0.10 5, 5, 5, 5, 5, 5[HC1] 0.050 5.- 5, 5, 5, 5, 5
Constant pH Method
Trial Temp. Base Added
(°C) (ml)
3-9 75.0 1260
18
RESULTS & DISCUSSION
PH Control of Particle Size, In samples 1-1 through 1-8 
the initial solution pH was varied by using different HCl 
concentrations. Figure 2 (appendix) displays pH as a function 
of time. The pH of samples 1-2 through 1-5 dropped drastically 
within the first twenty-four hours and then proceeded to 
approach a value of 1.10. Physical observation revealed that 
the amount of precipitate reached an equilibrium value aftor 
four days. Since no precipitate formed in sample 1-1, the 
solution must have been too acidic for hydrolysis to occur. The 
precipitate for all eight samples was orange in color. Also, 
the supernatant liquid gradually changed from orange to yellow 
with time. Figure 3 (appendix) shows the solution pH decline 
for samples 1-6 through 1-8. The values for days seven and 
eight are presumably incorrect due to measurement error. These 
samples approached a final pH value of 0.97. Considering 
temperature differences, this value is equivalent to the one 
obtained in samples 2-2 through 2-5. The same trends for the 
amount of precipitate and coloration were observed.
Figure 4 (appendix) shows that samples 1-9 through l-ll 
approached an equilibrium pH value of 1.10. The addition of 
solid NaHC03 had no affect on the final solution pH. The same 
color and amount of precipitate were obtained. Nimrick [17] 
recorded a final pH value of 0.75 in a similar experiment. This 
disagreement in values is probably the result of the different 
initial conditions (he used 0.45 M FeCl3 and a temperature of
19
85.0°C).
Samples 1*12 through 1-15 tested the effect of anion 
presence (other than chloride) in solution. Figure 5 (appendix) 
demonstrates that the type of anion does not influence solution 
pH. Samples 1-12 and 1-14, the addition of solid salt, had a 
plateau pH value of 1.02. This number is comparable to those 
obtained in 1-2 through 1-11. However, addition of an aqueous 
salt solution lowered the equilibrium value to 0.80. This was 
most likely caused by the extra water (10 ml) in the reaction 
mixture. The original FeCl3-HCl solutions turned black in color 
upon addition of the salts in all four samples. As the reaction 
proceeded, the supernatant liquid turned to yellow in the solid 
addition samples and to orange in the aqueous addition samples. 
The precipitates were all orange in color. The amount of 
precipitate reached steady state after four days which agrees 
with the previous trend.
Table 6 displays the results of all fifteen samples after 
seven days at an elevated temperature. The progression from 
sample 1-1 to 1-15 represents increasing initial solution pH.
It is evident that the final ferric ion concentration decreased 
as the initial solution pH was increased. In general, the 
amount of precipitate formed was inversely proportional to final 
ferric ion concentration. Nimrick [17] observed a 42% 
consumption of ferric ions regardless of the initial solution 
pH; however, this occurrence was not observed. Figure 6 
(appendix) exhibits the final ferric ion concentration as a
Table 6 Results of pH Variation/Ai esence at Day 7
Sample Fe+3 Cone. 
(M)
Amount 
of ppt 
(cm3)
1-1 0.231 0.0
1-2 0.213 1.3
1-3 0.194 2.5
1-4 0.190 3.8
1-5 0.181 3.8
1-6 0.169 2.5
1-7 0.176 2.5
1-8 0.176 2.5
1-9 0.163 5.0
1-10 0.108 28.9
1-11 0.109 31.4
1-12 26.4
1-13 6.3
1-14 28.9
1-15 18.8
Length
(pm)
Particle—  
Width 
(^ ro)
W/L
0.69 0.13 0.19
0.67 0.021 0.031
0.36 0.028 0.078
0.26 0.017 0.065
0.26 0.028 0.11
0.28 0.025 0.089
0.34 0.019 0.056
0.35 0.021 0.060
0.092 0.018 0.20
0.032 0.0059 0.18
0.050 0.013 0.26
0.042 0.017 0.40
0.15 0.025 0.17
gel
0.05 0.0083 0.17
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function of initial solution pH. One set of data uses samples 
1-2 through 1-8 (variation by HC1 concentration) only. The 
other set includes samples 1-9 through 1-11 (variation by 
NaHCO^) also. The relationship between final Fe*3 concentration 
and initial solution pH can be represented by a linear 
approximation. Yet, it would be dependent on the reaction 
conditions used.
Particle morphology was also monitored with respect to time 
for all of the samples. Overall, the rods became shorter as the 
initial solution pH was increased. This agrees with the results 
of Nimrick [17] and Matijevic and Scheiner [2]. The axial 
ratio, width divided by length, was fairly constant for the HC1- 
FeCl^ solutions. However, the addition of other anions caused 
this parameter to increase significantly.
Samples 1-1, 1-4, 1-10, and 1-12 through 1-15 were kept at 
an elevated temperature for an additional seven days. Table 7 
(appendix) displays the results. Comparison between tables 6 
and 7 reveals two opposing outcomes. First, a very small amount 
of precipitate formed in sample 1-1 after fourteen days of 
heating. This occurred simultaneously with the first 
significant drop in solution pH (0.973 — > 0.819). Also, it 
reinforces the fact that decreasing pH and precipitation rate 
are directly related. The second result comes from the anion 
presence samples. Samples 1-12 and 1-14 had a final solution pH 
value near 1.0 and a final ferric ion concentration of 0.026 M. 
Meanwhile, samples 1-13 and 1-15 had a final pH near 0.78 and
final iron concentration of 0.143 M. Samples 1-12 and 1-14 
produced more precipitate while consuming fewer hydroxyl ions. 
This contradiction suggests that the hydroxyl ions may be 
prohibited (i.e., in a aqueous complex) from reacting with the 
ferric ions. Thus, the presence of anions other than chloride 
may alter the precipitation process equilibrium.
Pictures 1 a-d (appendix) are of the rods synthesized in 
samples 1-2 through 1-5 after seven days. This progression 
represents initial pH values of 1.304, 1.409, 1.497, and 1.524, 
respectively. The rods were observed to become shorter in 
length and more uniform in size as the initial solution pH was 
increased.
Table 8 displays rod growth as a function of time at an 
elevated temperature.
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Table 8 Observed Rod Growth for Sample 1-
Day Rod Length
(^ m)
Rod Width
(/*m)
W/L
1 0.44 0.042 0.095
4 0.25 0 019 0.076
7 0.26 0.018 0.069
14 0.26 0.017 0.065
After four days of heating, the rod length and width reached 
steady state values. This coincides with the amount-of- 
precipitate trend discussed previously. The rods are displayed 
in pictures 2 a-d (appendix). Since the first day rods have a 
tenuous, undefined shape, a redissolving or realignment process
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had to occur between days one and four.
Finally, pictures 3 a-d (appendix) show the effect of anion 
presence on particle size and shape. Solid sodium acetate 
addition yielded extremely tiny particles (0.042 x 0.017 .
Meanwhile, the addition of solid sodium bicarbonate generated an 
amorphous gel. Adding aqueous sodium acetate resulted in larger 
rods (0.15 x 0.025 /Am) with a grainy textured appearance. The 
addition of aqueous sodium bicarbonate produced the smallest 
rods of all fifteen samples. In general, anion presence (at 
least for HC03“ and C2H3C>2~) encourages the formation of tiny 
rods with large axial ratios.
Particle Growth Kinetics. Trial 2-1 was used to provide 
information on the particle growth kinetics in a scaled-up 
process (medium scale). Figure 7 (appendix) shows that the 
solution pH decreased over time and approached a constant value 
of 0.673. The reaction consumed 10.7% of the available ferric 
ion (0.225 — > 0.201 M).
Trials 2-2 and 2-3 monitored the precipitation over the 
temperature range 65.0 - 79.0°C. Figure 8 (appendix) 
demonstrates solution pH is a linear function of temperature (at 
least over this range). Since the initial conditions were 
equivalent, the difference in pH magnitude between the two sets 
of data was due to calibration error. However, the slopes of 
the two lines are exactly the same. Although the data is 
scattered, Figure 9 (appendix) shows that a greater amount of 
ferric ion is used at higher temperatures.
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Trials 2-4 and 2-5 had heating rates of 1.33°C/min and 
0.82°C/min, respectively. Figure 10 (appendix) reveals that the 
pH for a slower heating rate is everywhere lower (less hydroxyl 
ion in solution) then for a faster one. Once again, a linear 
relationship was observed. However, the slopes of the lines for 
the two sets of data are not exactly the same. The percent 
difference in slopes over different temperatures ranges 
(compared to figure 8) is 118%. The reason for this large value 
is that trials 2-2 and 2-3 had heating rates 0.23°C/min. Figure 
11 (appendix) reveals at temperatures greater than 7b°C the 
heating rate does not affect the amount of iron in solution.
Trials 2-6 through 2-11 monitored the precipitation process 
over a seven day period. Trial 2-6 had an initial heating rate 
(to get to a temperature of 70.0°C) of 2.4°C/min. Trial 2-7 had 
an initial heating rate of 0.15°C/min during the first two 
hours. For the next fourteen hours the temperature was held 
constant near 33.8°C. During hours seventeen through twenty- 
seven, a rate of 0.038°C/min was used. Finally, an additional 
two hours at 0.093°C/min was needed to reach 70.0°C. Figvre 12 
(appendix) shows that after two days the initial heating rate 
had no effect on solution pH. Also, the ferric ion 
concentration is everywhere lower for a fast initial heating 
rate when compared to a slower one as seen in figure 13 
(appendix)•
Trials 2-6, 2-8, and 2-9 had initial ferric ion 
concentrations of 0.225, 0.335, and 0.450 M, respectively.
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Figure 14 (appendix) proves that more hydroxyl ion is consumed 
as initial ferric ion concentration is increased. The solution 
ferric ion concentration reached a constant value after one day 
as seen in figure 15 (appendix). The ferric ion consumption in 
trials 2-6, 2-8, and 2-9 were 23.1%, 16.7%, and 14.4%, 
respectively. Thus, more iron is consumed in the reaction as 
the initial iron concentration is decreased.
Trials 2-6, 2-10, and 2-11 had reaction temperatures of 
70.0, 80.0, and 90.0°C, respectively. Figure 16 (appendix) 
shows that a higher reaction temperature does not necessarily 
consume more hydroxyl ions. Figure 17 (appendix) reveals that 
the greatest amount of iron is consumed somewhere during the 
first two days of heating. Also, higher reaction temperatures 
result in lower solution ferric ion concentrations. More data 
is needed to find the optimum temperature.
Particle morphology was analyzed in trials 2-1 through 2- 
11? table 9 gives the results. Trial 2-1 shows that particle 
growth (increasing length and width) occurs as the precipitation 
proceeds. Pictures 4 a-f (appendix) display the progression 
over a three hour period. (The grids for trials 2-2 and 2-3 
were never analyzed.)
Trials 2-4 and 2-5 reveal that the heating rate has no 
affect on particle morphology. Pictures 5 a-d (appendix) show 
that growth occurs with increasing temperature. Picture 5a 
(70.0°C) may possibly exhibit groups of tiny precursor particles 
which then combine to form larger rods. If so, this suggests a
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Table 9a Results of Particle Growth Kinetics - Rod Growth
Particle-----  ----- Particle
Time Lengthi Width W/L Temp. Length Width W/L(hours) (yin) (°C) (/'in) (/'m)
Trial 2-1
0.25 jel No pictures were taken of
trial 2-2 and 2-3.0.50 0.095 0.012 0.13
0.75 0.10 0.015 0.15 Trial 2-4
1.00 0.12 0.020 0.17 70.0 no rods
1.25 large distribution 80.0 — — —
1.50 0.125 0.018 0.14 90.0 0.12 0.014 0.12
1.75 0.13 0.017 0.13
2.00 0.12 0.015 0.12 Trial 2-5
2.25 large distribution 70.0 — — —
2.50 0.13 0.016 0.12 80.0 0.092 0.014 0.15
2.75 0.14 0.018 0.13 90.0 0.13 0.015 0.12
3.00 0.15 0.030 0.20
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Table 9b Results of Particle Growth Kinetics - Rod Growth
-Particle---- Particle—Time Length Width W/L Time Length Width W/I.(hours) (nm) (pm) (hours) (jum) (fim)
Trial 2-6 Trial 2-9
0.73 — ----------  -------- 0.3 0.15 0.011 0.07 3
2.5 0.17 0.022 0.13 2.7 0.28 0.027 0.096
4.6 0.19 0.021 0.11 4.4 0.31 0.010 0.032
Trail 2-7 Trial 2-10
7 . C 0.19 0.019 0.10 6.7 0.22 0.015 0.068
1.3 0.15 0.015 0.10 0.73 — —
2.9 0.22 0.015 0.10 2.5 0.14 0.022 0.16
5.0 gel 4.6 0.16 0.025 0.16
7.1 large distribution 7.0 0.17 0.024 0.14
Trail 2-8 Trial 2-11
0.30 0.15 0.010 0.067 1.3 0.14 0.033 0.24
2.7 0.30 0.019 0.063 2.9 large distribution
4.4 0.25 0.013 0.052 5.0 0.22 0.025 0.11
6.7 0.24 0.015 0.062 7.1 large distribution
polymeric growth process as state1 in the background section.
Comparing the results in table 9 for trials 2-6 and 2-7 
reveals that the initial heating rate affects both particle 
shape and size distribution. Trials 2-6, 2-8, and 2-9 show that 
increased solution ferric ion concentration results in greater 
particle size and smaller axial ratio (width/1ength). Finally, 
trials 2-6, 2-10, and 2-11 prove that higher reaction 
temperatures yield rods of increased axial ratio. Pictures 6 a- 
f (appendix) display the rods produced after five days in trials 
2-6 through 2-11.
The precipitates generated in trials 2-6 through 2-10 were 
orange in color. However, the precipitate in trial 2-11 had a 
red tint. Picture 7 (taken after seven days at 9 0 . 0 ° C )  showt 
that the rod4 are grouping together and forming cubical type 
structures. In comparison, Matijevic and Kcheiner [2] observed 
spherical type particles after two weeks of heating at 100.0°C, 
but they were still /?-FeOOH. Hamada and Matijevic [4] showed 
that cubic hematite is formed from recrystallization of ^ -FeOOH. 
Since a red coloration is characteristic of hematite, picture 7 
proves that this ecrystallization process must be occurring.
The turbidity point, the temperature at which the stirred 
solution becomes completely opaque due to the amount of 
precipitate formed, is a function of heating rate. In general, 
the reaction solution progressed from light orange, to dark 
orange, to dark brown in color (but was still clear) as it was 
heated to the desired reaction temperature. It would then
28
29
Picture 7 Formation of Cubical Hematite
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become increasingly cloudy until the turbidity point was 
reached. At this time, the solution became bright orange in 
color. Upon termination of stirring, an orange precipitate 
settled out leaving behind a clear yellow supernatant liquid.
The turbidity point for trials with a heating rate in excess of 
2.0°C/min was near 76.0°C. Trials 2-2 and 2-3 had a value near 
70.0°C while for trial 2-7 it was 57.0°C. In addition Nimrick 
[17] observed a value of 78.0°C. More data is needed to 
determine the effect of turbidity point on the particles shape 
and size distribution.
Solution conductivities were measured as a function of time 
in trials 2-2 through 2-11. Figure 18 (appendix) displays the 
results for trials 2-7, 2-9, and 2-10. It is evident that 
variation of the reaction conditions does not have a major 
affect on solution conductivity. The data for the other trials 
exhibited the same erratic behavior. Thus, no significant 
changes in solution conductivity were observed during the 
precipitation process.
A spectrophotometer was used to analyze the particles 
formed in trials 2-6 and 2-9. A drop of each solution was 
placed in filtered 0.10 M HC1 and then analyzed over the range 
400 - 750 nm. Both samples started with an absorbance near 2.3 
at 400 nm which gradually decreased to approximately 0.85 at 750 
nm; the spectra were continuous lines with no peaks. Therefore, 
no relevant information was obtained by this analysis technique.
The solution in trial 2-3 was initially heated for three
hours while monitoring the effect of temperature on the 
reaction* Since the consumption of ferric ion was only 14*2%, 
there was still a large amount of iron in solution which could 
be used to form precipitate. The supernatant liquid and some 
additional water were heated & stirred for another 1.5 hours at 
92.0°C. More precipitate formed and the solution pH decreased 
from 0.908 to 0.681. The process was then repeated for 1.0 hour 
at 96.5°C. Once again, precipitate formed and the solution pH 
decreased from 0.842 to 0.624.
The solutions of trials 2-7 and 2-11 were originally 
reacted at an elevated temperature for seven days. The 
supernatant liquid of trial 2-7 was reheated (with no additional 
water) for 1.0 hour at a temperature greater than 90.0°C. 
Although the solution turned cloudy, upon completion of heating 
it became clear again, and no precipitate was visible. However 
the solution pH decreased from 0.392 to 0*349. Furthermore, the 
supernatant liquid from trial 2-11 was heated (with no extra 
water) for an additional 2.0 hours. The solution remained clear 
the entire time and its pH increased from 0.240 to 0.368. 
Although trials 2-7 and 2-11 still had over 60% of their 
original ferric ion concentration remaining, they could not be 
forced to undergo further precipitation. Therefore, the 
additional precipitate in trial 2-3 was the result of either its 
short initial reaction time, the addition of extra water, or 
possibly seeded growth. All of these observations suggest that 
the precipitation process may be controlled by solution
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equilibrium instead of by kinetic limitations.
Titration Studies. Titration studies were performed to 
observe the effect ot base addition on the precipitation 
process. Trials 3-1 and 3-2 used a continuous dripping method. 
Since the dripping buret failed to work properly (100.0 ml of 
base was supposed to be added in each trial), the results of the 
two trials are questionable. Figure 19 (appendix) shows that 
the solution pH continually increased as more base was added in 
trial 3-1. (The pH meter was also not working correctly during 
trial 3-2, so no data is reported.) Although trial 3-2 had a 
higher reaction temperature, figure 20 (appendix) reveals that 
trial 3-1 consumed more ferric iron. The explanation is that an 
extra 52.0 ml of NaOH was added in trial 3-1. Due to the many 
problems encountered, this addition procedure was abandoned.
The second alkali addition method involved pouring in 
aliquot portions of base into the reaction mixture. Figure 21 
(appendix) displays solution pH as a function of time for trial 
3-3. At room temperature, the pH increased in value as more 
base was added, and no particles were formed. Although no 
precipitation was evident, figure 22 (appendix) shows that 
particle formation may have occurred at 55.0°C if the reaction 
time had been lengthened. Precipitation was observed at 75.0°C 
in trial 3-4. Since figure 23 (appendix) shows that all of the 
additional hydroxyl ion was consumed (the pH never Increased), 
particle formation and growth must occur as the solution pH 
decrsasas.
The concentration of the NaOH added was increased forty 
times (0.10 M) for trial 3-6. Figure 24 (appendix) suggests 
that the precipitation process had reached its maximum rate 
after 120 minutes of heating. A base concentration of 5.0 M was 
used in trial 3-7. Figure 25 (appendix) shows that the reaction 
solution was unable to return to it ; original pH prior to each 
addition. In trail 3-8, 0.05 M HC1 was added fifteen minutes 
after every alkali increment. The pH increased slightly after 
each acid addition due to cooling effects. Comparison of 
figures 24 and 26 (appendix) demonstrates that the HC1 addition 
affected the solution pH profile.
Table 10 lists the results of trials 3-3 t r 5 >ugh 3 - 8 .
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Table 10 Results of Aliquot Additions > Base
Trial Temp. Base Cone. ic nal  F e * J
(°C) (M) (M)
3-3 27.5 0.0025 0.20O
3-4 55.0 0.0025 0.204
3-5 75.0 0.0025 0.178
3-6 75.0 0.10 0.168
3-7 75.0 5.0 0.102
3-8 75.0 0.10 & 0.05M HC1 0.178
Cone >
It is evident that ferric ion consumption increases as more 
concentrated base is added to the solution. Also, a temperature 
greater than 55.0°C is needed to produce a precipitate during 
short time periods.
Trial 3-9 attempted to maintain a constant solution pH of 
1.21. This goal was achieved for the first twenty minutes of
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heating by adding 0.10 M NaOH as needed. However, the hydroxyl 
ion consumption increased rapidly after that point; 500.0 ml of 
base had been added after forty-five minutes of heating. A 
drastic drop occurred when the reaction temperature approached 
75.6°C, which is approximately the same temperature of the 
turbidity points observed in the kinetic studies. After ninety 
minutes of reaction time at 75.0°C, 1260.0 ml of NaOH had been 
added to obtain a solution pH of 1.026. Figure 27 (appendix) 
displays the solution pH profile.
Particle morphology was monitored as a function of time for 
all nine trials; the results are given in table 11. It is 
evident that the addition of alkali to the reaction solution 
inhibits the formation of rod-like particles. All of the trials 
produced either a gel, rods, or a combination of both. However, 
when rods did form they exhibited a definite increase in size 
with time.
Pictures 8 a-g (appendix) display the rods produced after 
three hours for trials 3-1, 3-2, and 3-5 through 3-8. Pictures 
8b and 8e are of the gels produced in trials 3-2 and 3-7. The 
gels observed in all of the trials may possibly be the formation 
of rods from amorphous ferric hydroxide as discussed in the 
background section. In general, the addition of alkali 
influences particle shape; the rods have pointed ends and 
resemble ellipsoids as seen in pictures 8c and 8f. Pictures 9a 
and 9b compare the rods produced in trial 3-6 with those from 
the kinetic growth trial 2-1. All reaction conditions were the
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Table 11 Results of Titration Studies - Rod Growth
Particle----— --------—Particle-
Time
(Hours)
Length Width W/L 
IfM) ifM)
Time
(Hours)
Length Width 
(fm) (f m)
W/L
Trial 3-1 Trial 3-6
1.0 0.8 0.0060 0.075 1.0 0.17 0.013 0.11
2.0 gel 2.0 large distribution
3.0 gel 3.0 0.17 0.018 o • H* O
Trial .3-2 Trial 3-7
1.0 gel 1.0 gel
2.0 very snail, concentrated 2.0 gel
3.0 very snail, concentrated 3.0 gel
Trial 3-8
Trials 3-3 and 3-4 1.0 0.13 0.013 0.10
produced no precipitate. o•CM large distribution
3.0 0.19 0.017 0.089
Trial 3-5 Trial, air?
1.0 0.14 0.02 0.14 1.0 gel
2.0 gel 2.0 Q.Oj O 0.0088 0.18
3.0 0.20 0.02 0.10 3.0 0.044 0.0075 0.17
Picture 9 Comparison of Alkali/no Alkali Addition
(2.5 Hours)
a) Trial: 2-1
No base added 
Bar equals: 0.5 ^ m
b) Trial: 3.6
35.0 ml of 
0.10 M NaOH added
Bar equals: 0.5 j.im
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same for both runs except that trial 3-6 had 0.10 M NaOH added 
to the solution. It is evident that the rods produced in trial 
3-6, picture 9b, are larger. Since trial 3-6 consumed more 
ferric ion than trial 2-1 (25.3% vs. 10.6%), the addition of 
alkali does enhance particle formation and growth.
Additional Considerations. No attempt was made to measure 
the amount of particles formed in these experiments. In order 
to measure the percent solids formed, a given amount of solution 
would have to repeatedly centrifuged and washed to remove any 
unreacted salts. Thus, there would be significant loss of 
precipitate in this process. Some reliable method of measuring 
the quantity of particles produced in the hydrolysis reaction 
should be found.
A x-ray diffraction analysis was performed on the particles 
generated in trial 3-6. Figure 28 (appendix) gives the pattern 
produced over angles of 10.0 to 70.0 degrees. Table 12 
(appendix) compares the actual data to the theoretical data for 
-^FeOOH. In general, the observed peaks have an offset above 
the standard d-values and have approximately the same intensity. 
The variations are probably the result of differences in 
analysis conditions. When compared to other possible structures 
such -FeOOH, -Fe203, -FeO, and Fe(0H)3, the peaks were very 
different. Thus, the particles formed in trial 3-6 must be 
y?-FeOOH.
One of the problems of producing rods through this 
hydrolysis process is that they are hydrophilic. Since future
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research would involve combining the rocs with silica spheres in 
a common matrix, the rods would have to be dissolved in an 
organic solvent. Nimrick [17] showed that they could be made 
hydrophobic by post-precipitation treatment with stearyl 
alcohol. Picture 10 is a representation of a rod-sphere 
mixture. An evident problem is how to make the rods 
monodisperse so that they will mix with the spheres. Maeda et 
al. [11] and Van der Woude et al. [18] discuss the theory as to 
why the rods pack together in a parallel orientation. This 
theory may possibly provide the answer to achieving a 
monodisperse rod-sphere system.
j ()
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CONCLUSIONS
1. When the precipitate is produced on a small scale, the 
solution pH approaches a constant value which is 
independent of the initial pH.
2. The type of anion present (acetate or bicarbonate) does 
not affect solution pH or ferric ion concentration.
However, how it is added (solid or aqueous) does affect 
these parameters.
3. The amount of precipitate generated is inversely 
proportional to the final ferric ion concentration.
4. The rods become shorter in size with increasing initial 
solution pH.
5. Anions other than chloride in solution produce very small 
rods with large axial ratios.
6 Decreasing solution pH and precipitation rate are directly 
related.
7. High reaction temperatures increase the consumption of 
ferric and hydroxyl ions. They also increase the axial 
ratio of the rods significantly.
8. Reactions with lower initial ferric ion concentrations 
consume more ferric ions.
9. A reaction temperature near 80.0°C yields optimum results 
(low solution pH and ferric ion concentration).
10. The initial heating rate used to attain a desired reaction 
temperature affects particle shape and size.
11. Reactions with high initial ferric ion concentrations 
produce rods of increased size.
12. Particle formation and growth occurs as solution pH 
decreases•
13. Increasing the concentration of base added during a 
titration experiment results in greater ferric ion 
consumption.
14. The addition of alkali to the reaction mixture often 
results in the formation of a gel (at least during reaction 
times of less than four hours). However, when rods do 
form they have larger sizes when compared to rods produced 
in the absence of base. Also, alkali addition affects 
particle morphology.
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RECOMMENDATIONS
1. Determine how the ionic strength of the chloride ion 
affects rod formation and growth.
2. Run the reaction in the presence of low molecular 
weight alcohols.
3. Perform further x-ray diffraction analysis on the 
particles.
4. Determine the effect of the turbidity point on rod 
shape and size.
5. Run the titration experiments over an extended period 
of time (i.e., one week). Also, find a better method 
of introducing the alkali (i.e., direct injection) into 
the solution.
6. Observe the effects of adding water to the reaction 
over a period of time.
7. Find another parameter to replace ferric ion concentration 
for determining the extent of reaction.
8. Develop a reliable method of measuring the amount of 
precipitate produced.
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Table 7 Results of Variation/Anion Presence at Day 14.
X 5 AmountSample F« Cone. of opt. Length Width W/L(M) (cm3) (p«) (p») «
1-3 A VJ
1-4
V • 1 J
3.8 0.31 0.019 0.061
1-10 15.1 0.18 0.032 0.0059
1-12 0.026 21.4 —
1-13 0.142 8.8 —
1-14 0.026 23.9
1-15 0.145 15.1
Tabla 12 X-ray Diffraction Analysis Data
Thaoratical Obsarvad
D-Valua Vi0 /-ftOOH D 7alua l/lQ
7a400 100 7.5447 72
5.250 40 5.31/0 59
3.700 10 3.3783 80
3.311 100 3.3509 92
2.6x6 40 2.6468 482.543 80 2.5588 100
2.343 20 2.0354 49
2.285 40 1.9674 262.097 20 1.6511 492.064 20 1.6402 361.944 60 1.4569 26
1.854 10
1.746 40
1.719 10
1.635 100
1.515 40
1.497 20
1.480 20
1.459 10
1.438 80
1.374 40
Sourca: Powdar Diffraction Filas of
Joint Coamittaa on Powdar
Diffraction Standards
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Picture 1 Effect of Initial Solution pH
on Particle Growth (Day 7)
a)
b)
S a m p l e : 
Initial pH: 
Bar equals:
S a m p l e : 
Initial pH: 
Bar equals:
1-2 
1 .  304
0 . 5  Mn
1 - 3  
1 . 4 0 9  
0 . 5  ;^m
C)
d)
Picture 1 Effect of Initial Solution pH
on Particl Growth (Day 7)
S a m p l e : 
Initial pH: 
Bar equals:
S a m p l e ; 
Initial pH: 
Bar equals:
1 - 4  
1 . 497  
0 . 5  ^ m
1. 5 2 4 
0.5 f m
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a)
b)
Picture 2
Day 1
Bar equals: 0
Day 4
Bar equals: 0
Effect of Elevated Temperature Duration
on Particle Growth (Sample i -4)
80
Picture 2 Effect of Elevated Temperature Duration 
on Particle Growth (Sample 1-4)
c) Day 7
Bar equals: 0.5 ^m
d) Day 14
Bar equals: 0.5j^ m
Picture 3 Effect of Anion Presence on
Particle Growth (Day 7)
a) Sample: 1-12
Salt: Solid Sodium 
Acetate
liar equals: 0.5 /-m
b) Sample: 1-13
Salt: Aqueous Sodiu 
Acetate
Bar equals: 0 . 5 ^ m
Picture 3 Effect of Anion Presence on
Particle Growth (Day 7)
82
c)
d )
Sample: 
S a l t :
Bar equals:
S a m p l e : 
S a l t :
Bar equals:
83
Picture 4 Particle Growth (Trial 2-1)
84
Picture 4 Particle Growth (Trial 2-1)
8 5
Picture 4 Particle Growth (Trial 2-1)
e) 2.5 h o urs
Bar equals: 0.5
f) 3.0 h ours
Bar equals: 0.5
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Picture 5 Effect of Heating Rate on Particle Growth
a) Trial: 2-4
T e m p e r a t u r e : 7 0 , 0°C 
Bar equals: 0.5
b) Trial: 2-4
Temperature: 90.0°C 
Bar e q u a l s : 0.5 ^im
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Picture 5 Effect of Heating Rate on Particle Growth
c) Trial: 2-5
Temperature: 8 0 . 0°C 
Bar equals: 0.5 jjm
d) Trial: 2-5
T e m p e r a t u r e : 9 0 . 0°C 
Bar equals: 0.5 j*m
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Picture 5 Effect of Heating Rate on Particle Growth
c) Trial: 2-5
T e m p e r a t u r e : 8 0 . 0°C 
Bar equals: 0.5
d) Trial: 2-5
T e m p e r a t u r e : 9 0 . 0°C 
Bar equals: 0.5 jm
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Picture 6 Effect of Reaction Conditions on
Particle Growth (Day 5)
Picture 6 Effect on Reaction Conditions on
Particle Growth (Day 5)
89
c) Trial: 2-8
Bar equals: 0.5 f,m
d) Trial: 2-9
Bar equals: 0.5 pm
90
Picture 6 Effect of Reaction Conditions on
Particle Growth (Day 5)
9 1
Picture 8 Effect of Alkali Addition on
Particle Growth (3 Hours)
a) Trial:
Bar equals:
b)
3-1
0.5 •' m
Trial: 3-2 
Bar equals: 0.5 j.*.m
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Picture 8 Effect of Alkali Addition on
Particle Growth (3 Hours)
e )
d)
Trial: 
Bar equals:
3-5
0.5 ^ un
Trial: 3-6 
Bar equals: 0.5
Picture 8 Kfleet of Alkali Addition on 
Particle Growth (3 Hours)
C)
f)
T r i a l : 3-7
Bar equals: 0.0 .
Trial: 3-8
Bar equals: 0.0 //m
Picture 8 Effect of Alkali Addition on
Particle Growth (3 Hours)
g) Trial; 3-9
Bar equals : 0 ♦ 5
V
f
